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00 (54) Title: METHODS OF POSmONS AND/OR ORmNTENG NANOSTRUCTURES 

2 (57) Abstract Methods of positioning and orienting nasostroctmes, and paiticolaily nanowiies, on soi&ces for snbseqnrat use or 
integtation. The methods udllze mask based processes alone or in combhiation witfi flow based alignment of die nanostnicturcs 
^ to provide oriented and positioned nanostructures on soifaces. Also provided aie populations of positioned and/or oriented nanos- ' 
2^ tnictmes, devices that include populations of positioned and/or oriented nanostructures, systems for positioning and/or orienting 
^ nanoslnctntes, and related devices, systems and methods. 
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METHODS OF POSITIONING AND/OR ORIEmiNG NANOSTRUCTURES 

5 CROSS REFEKENCaE TO REIATEDAWLICAW^ 

[0001] Tbis qiplicfltioii is related to and daizns pnority £rom and bwefit of 

ProYisioiial U.S. Patent AppHcaticm No. 60mO,113, ^ 

10/239,000, filed September 10, 2002, each of whidi ate hereby hiooiporated heran by 
leference in tiieir entirety for all purposes, 

10 BACKGROUND OF THE INVENTION 

[0002] Nanotubes, nanocrys^, nanowiies, and particularly semiconductor 

nanowiies have gained a great deal of attention for their interesting and novel properties 

in electdcal, chemical, optical and other s^licationa. Such nanomatedals have a wide 

variety of expected and actual uses, including use as semicondnc^ 

IS electronics, optoelectronic ai^lications in emissive devices, e.g., nanolasers, I£Ds, etc., 
photovoltaics, and sensor appUcations, e.g., as nano-ChemPBTS. 
[0003] While commodal applications of &e molecular, phj^cal, chemical and 
optical properties of tiiese matflriaTg have been postulated for all of these different types 
of materials, generating cbmmeicially viable products has not, as yet, been foftOicoming. 

20 In tile wodd of devices witii integrated nanomaterial elmients* some of the difficulties in 
producing commercially viable products has stemmed from die difficulty in handling and 
interfacing with such small scale materials. Specifically, for the most part, these 
materials are produced in bulk as ftee standing elements diat must be positioned witiiin 
an operational device. Accurate and rqprodndble positioning of ttieseniaterials has 

25 proven difficult 

[0004] Accordingly, it would be desurable to be able to provide methods of 

positioning and orienting nanowires on substrates ca: within integrated devices or 
systems, in a reasonably practicable fashion. The present invention meets these and a 
variety of other needs. 

30 SUMMARY OF THE INVENTI 

[0005] The present mventicm is gen^y directed to ncietiiods of positioning a^^ 

orienting nanostnictures, e.g., nanowires, on substrates for subsequent osep integration or 

application. Ihe invention also ^visions systems for practidng such methods, devices 

that include oriented and positioned nanostructures, populations of positioned and/or 
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oriented nanostnictuies, and systems that include such portioned and/or oriented 
nanostructaies. 

[0006] In one aspect, the piesent invention provides a method of depositing 
nanostnictuies (e,g., a nanowiies) on a surface substantially in a desired orientation. The 
S method ^erally comprises flowing a fluid OHitaining nanostcoctutes (e.g.» nanowiies) 
over the surface in a first diiectioni wheie die first direction is substantially parallel to a 
desired longitudinal onentatlon of the nanostructures (e.g.. nanowires). The 
nano8tructur)es (e.g., nanowiies) m die solution are then pennitted to become 
immobilized onto fhe surface^ with die longitudinal dimension of the nanostmctuies 
10 (e.g., nanowiies) being substantially odented in the first direction. 

[0007] In a furdier aspect, tfile invention is directed to methods of positioning 
nanostructures (e.g., nanowires) in one or more predetennined regions on a substrate. 
The methods typically comprise providing a substrate having a first surface, overlaying 
die first surface with a mask, where the mask provides fluid access to one or more first 
IS predetermined regions on the first surface, but not to one or more second predetermined 
regions on die surface of die substrate. A fiuid containing nanostructures is dien flowed 
through the mask and into contact with the first predetermined regions of the substrate 
surface. The nanostructures contained in the nanostructnre (e,g,, nanowire) containing 
fiuid are then permitted to immobilize in the first predetennined regions of the surfiace of 
20 the substrate. 

[0008] in another aspect, the invention is directed to one or mcne populations of 
nanostructures (e.g. , nanowiies) immobilized on a planar sur&ce of a substrate, where 
the populatiQn(s) of nanostructures are substantially longitadinally oriented in a first 
direction parallel to die planar surface. 

25 [0009] Sirniiacly, the invention indudespopulafioiB of nanostructures 
nanowiies) immobilized on a surface of a substrate that compase a first set of 
nanostructures immoibilized in a first selected region of the suiface of the substrate, and a 
second set of nanostructures immobilized in a second selected legion of the surface of 
the substrate, die second selected region being separate fixmi die first selected region. 

30 [0010] Tlieinventicm is also directed to a nanostnicture(e.g.,nai^ 

device that comprises at least a first population of nanostructures inomobilized in at least 
a first region of a surface of a substrate, the first population of nanostructures being 
substantially longitudinally oriented in a first direction. Hie devices of the invention 
typically include at least first and second electrical contacts disposed on the first region 
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of the surface of the substrate. The jBbrst and second electrical contacte 

V , separated from each other on the fibcst surface of the substrate m 

less &an an average length of the nanowiies in the population of nanostcuctuies. 
[0011] The invention also includes a substrate conqmsing a plm 

5 populations of nanostructures deposited upon a first surface of said substrate, wherein 
each of the p(9Ulations of nanostmctuies is deposited and immobilized in a separate 
discrete region of the sui£ace of the substrate. In prefened aspects, electrical contacts are 
disposed in the separate regiom such that at least one wire in the populations of 
nanowires bridges and connects at least two electrical contacts. 

10 [0012] liQ a furdi^aqiect. the invention is directed to a syst^ 

nanostructures on a surface of a substrate in accordance witfi die methods of the 
invention. The systeni typically conqpiises a substrate having a first smfece, a fluid 
channel disposed on the first sucbce, and a fluid direction system coupled to tiie first 
channel and coupled to a source of fluid containing nanostructures, for flowing the fluid 

15 containing nanowuM in a first direction through the first fluid channel. 

[0013] The invention also includes, as one aspect, a system for positioning 
nanostmctures on a surface of a substrate. As above, the sj^tem uicludes the substrate 
having the first surface. A masking element is provided over the first surface which 
provides fluid access to separate discrete regions of die first surface of the substrate. A 

20 source of fluid that hicludes the nanostructures or other nanostmctures is provided 
fluidically coupled to die fluid passages in the masking element A fluid direction 
system is operably coupled to the fluid source and passages in the masking element to 
delvra: the fluid from the source to the passages, so that die nanoatractm^s in the fluid 
can contact and thus be immiobilized upon the discrete regims of the surface of the 

25 substrate. 

[0014] ]h an additional embodimfflt, the invention provides methods of niaMng 
nanostructure device tiiat inchides a nanostructure that is embedded at at least two points 
in a conductive matedaL The mediods include providing a substrate, patterning a 
conductive matedal on the substrate and pattemmg channels on the substrate between 
30 regions of conductive inaterial patterned on die subattate. Nanostructures aoe flowed in 
tile channels such that at least one rianostructure ccmtacts tile pattm 
material in at least two places and an additional layer of conductive material is patterned 
in the at least two places, thereby providing a device comprising a nanostrocture tiiat is 
embedded at at least two pdnts in a conductive material. 
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[0015] As with other emboduxieiits hooeiiu flie substrate optionally includes any 
materials suitable to the end use ajypUcation, e.g., a semiconducting ctystaUine niaterial» 
apolym^, an amacphous suxface, silicon, glass, qoaitz, alumina, galUum arsenide, or (he 
liloB. 

5 [0016] OptionaUy, the inethod includes gra\ving a kyex of the^^ 

substrate via controlled vqKtt- deposition prior to pattenung the conductive material on 
the substrate. Patterning the condocdve material on the substrate optionally includes 
pattenung a layer of chrome oa fbo substrate and then patterning a layer of gold on top of 
thechrome. Tile conductive inat^al on the substrate optionaUy provides c^ 

10 contact pads on the substrate. 

[0017] Patceming the conductive material on the substrate optionally comprises 
spin coating the substrate with a negative photoresist, baking the substrate and exposing 
the wafer to UV thiou^ a mask. The conductive material is deposited onto the substrate 
in regions exposed to XJV> e.g., via sputtering, organic chemical vapor deposition, 

15 electrolysis, electrochemical deposition, or any combinatiou thereof. Fbr example, in 
one embodiment, the conductive material is sputtered onto the regions exposed to UV by 
first sputtering a layer of chrome onto the region and then sputtering a layer of gold onto 
the chrome, where ±e chrome is about 250 angstroms in d^th and the gold is about 
1000 angstroms in depth. 

20 [0018] inoneembodini^tfaechsmielsarepatteziiedcmfbes^ 

coating a positive photoresist on the substrate, baking the photoresist, exposmg the 
substrate to UV tfarougjh a mask and chemically developing die photomsist to reveal the 
channels. The channels can be sealed by applying a cover to an open channel structure. 
Howing'theiMbstnii^^ 

25 nanostructuresm the channds,agitatmg the substrate to disperse ti^ 

allowing die nanostructutcs to settle onto the conductive material under gravitatiaial or 
centripetal force. 

[0019] Patterning an additional layer of craductive material can include 
sputtering, organic chemical vapor deposition, electrolysis, electrochraoical deposition, 
30 or any combination thereof. The additional layer of conductive material is layered on top 
of the nanostructure, sandwiching a portion of the nanostructure between the conductive 
layer and tiie additional conducive layer. In one specific embodiment, patterning the 
additional layer of conductive material comprises spin coating a negative photoresist 
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onto the substrate, exposing fee substrate to tJV light througji a mask and sputtering a 
metal onto a region of the substrate exposed to the UV light 
[0020] It will be appreciated that nanostructuie devices made by these methods 
are a feature of the invention. For example, a nanostructure device comprising a 

5 nanostmcture emb«ided in at least two conductive material contact pads is a feature of 
the invention. For example, in one typical embodiment, the nanostructure can be a 
nanowiie and Ae contact pads can comprise gold The contact pads are optionally 
attached to die substrate. Systems for making the various nanostructutes, as well as any 
or all of the structural intermediates made by the methods are also features of the 

10 invention. 

BMEF DESCMPTION OF THE FIGURES 
[0021] PiguTB 1 schematically illustrates a wafer based process forpositioning 

and orienting nanowiies on a substrate. 

[0022] Hgure 2 schematically illustrates the hitegratian of electrical elements 
15 with positioned and oriented nanowires on a wafer substrate. 

[0023] Figure 3 is a schematic illustration of patterned substrate functionalization 
followed by positioning and orienting of nanowires. 

[0024] Figure 4 shows a schematic illustration of bidirectional orientation of 
nanowires in accordance with the processes described h^in. 
20 [0025] Hgure 5 A-5D show schematic illustrations of different fluidic channel 
stnictures designed to acMeve difBerent deposition patterns of nanow^ 

surfaces. 

[0026] Figure 6 is a schematic illustration of an overall system for positioning 
and aligning nanowires onto substrate surfaces. 
25 [0027] Hgure7isanSHMiriiageofarientednariowirBsimnaohilizedona 

substrate surface. 

[0028] Figure 8A is a postulated electrode deposition over the ariented nanowire 
population shown in Rgure 7, and Hgure 8B shows aplot of expected ftequency of 0, 1, 
2 and 3 wire connections between electrode pairs. 
30 [0029] Figure 9 shows aligned nanowiies connected to electrical contact pairs. 

DETAnJE© DESCRiraON OF THE INVEOT 
[0030] The present invention is generally directed to methods of positioning 

and/or orienting nanostructures (e.g., nanowires) on substrates, nanostructures so 
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positioned and/or oriented, devices produced from such oriented and/or positioned 
nanostructuies, and system used in so orienting and/or positioning such nanostroctuies. 
[0031] A * Wiostructure" is a stmctuie haying at least one xegion or 
characteristic Smmmon with a dimension of less than 500 nm, e.g.p less than 200 nm, 
less than 100 nmt, less flian SO nm, or evra less dian 20 nm. Id many cases, the region or 
characteristic dimension will be along &e smallest axis of the stmctuxe. A conductive or 
semi'-condoctive nianostmctuzc often displays 1-dimensional quantnm confinement, e.g., 
an dectit)n can oftmtravd along only one cBmension of ttestractnie Exan^Iesof 
nanostiuctuxes mclude nanowixes, nanotubes, nanodots, nanorods, nanotetrapods, 
quantum dots, nancxdbbons and the like. A 'liomonanostructuie^ is a nanostructute that 
has an essentially homogeneous anangement of constituent elements. For example, a 
homonanowiie is a homonanostructuie that can be a substantially single ciystal sttuctune 
comprising a base material such as silicon and, optionally, a dopant dispersed in 
essentially the same manner dnoug^out the ciystal. A ''heteionanostxuctuie" is a 
nanostructure that includes subdomains comprising different compositions. For 
example, a hetemnanowire is a heteionanostrocture that can be a single crystal structure 
comprising a base material such as silicon with different subdomains or *^segments" 
having different dopants, or different concentrations of one dopant, or an entirely 
different material, or any combination thereof. For enibodiments that utilize flow 
alignment, the nanostnictures of the invention typically have an aspect ratio greater than 
S, typically greater than 10, ^nerally greats than 50* and, optionally, greater than 100 or 
more. 

[0032] A "^owiie*' is an elongated nanostructure having at least one cross 
sectional dimension that is leas tiian about 500 lim e.g*, l6ss than about 200 nm, less than 
about 100 nni, less than about 50 nm, or even less tim about 20 ^ 
aspect ratio (e.g„ lengtkwidth) of greats than about 10, preferably, greater than about 
50, and more preferably, greater ttian about 100. A nanowiie is optionally substantially 
single crystal in structure (a ''smgle crystal nanowire" or a ''monocrystalline nanowire^O. 
It is optionally conductive or semiconductive. A "homonanowire'' is a nanowire that has 
an essentially homogeneous arrangement of constituent elements. For exanq>le, a 
homonanowiie can be a single crystal structure comprising abase material such as 
silicon and a dopant dispersed in essentially the same manner througj^out the crystal. A 
^^eteronanowire" is a nanowire that includes subdomains comprising different 
compositions. For eacample^ a heteronanowixe can be a single crystal stmcture 

6 
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comprising a base material such as silicon, widi diffa^t subdomains or "segments" 
having diffetent dopants, or different concentrations of one dapsst, or both. Exan^les of 
nanowiiBS include semicondictor nanowiies as described in Published hutranational 
Patent AppUcation Nos. WO 02A7362, WO 02/48701, and 0y03208, caibon nanotubes, 

5 and olhet elongated conductive or semiconductive stroctures of like dimensions. 

Paiticulaily pie&zied nanowiies include semiconductive nanowiies, e.g., those that are 
conqHised of semiconductor material selected firom, e.g.. Si, Ge, Sn, Se, Te, B, Diamond, 
P, B-C, B-P(BP6), B-Si, Si-C, Si-Oe, Si-Sn and Oe-Sn, SiC. BN/BP/BAs, 
AlN/AlP/AlAs/AlSb, OaN/OaP/GaAs/GaSb, InN/InP/Ih^^ 

10 AlN/AlP/AlAs/AlSb, C3aN/GaP/GaAs/GaSb, luN/InP/InAa^b. ZnO/ZDS/ZnSe/aiTe, 
CdS/CdSe/CdTe, HgS/HgSe/HgfTe, BeS/BeSeffleTefli«gS/MigSe, GeS. GeSe, GeTe. 
SnS, SnSe, SrfTe, PbO, PbS, PbSe, PbTe, CuF, CaCa. CuBr, Cul, AgF, AgQ, AgBr. AgJ. 
BeSiNj, CaCNa, ZnGePa, CdSnAsz, ZoSnSbi, CuGePs, CnSi2P3, (Cu, A«)(AI, Ga, In. 
Tl, Pte)(S, Se, Te)2, Si3N4, GeSNit, AlzQs. (M Oa, lh)2(S, Se, Te),, AlaCO, and/qr an 

15 appropriate combination of two or more sudisemiconductCMS. liiceitain aspects, fte 
semicondiictor may comprise a dopant firan a group consisting oft a p-iype dopant from 
Group m of the periodic table; an n-type dopant fiom Group V of the periodic table; a p- 
type dopant selected from a group consisting of; B, Al and In; an n-lype dopant selected 

fiom a group consisting of: P, As and Sb; a p-type dopant from Group H of tlie periodic 
20 table; a p-type dopant selected from a group consisting of: Mg, Za, Cd and Hg; a p-^ 
dopant ftom Groiq> IV of flie periodic table; a p-type dopant selected fix)m a group 
consisting of: C and Si.; or an n-type is selected fiom a group consisting of: Si, Oe, Sn, 
S.SeandTe. 

C0033] "Substantially single crystal" lefas to a stracturediat has Icmg-mge 
25 ordM over at least lOOnm in at least Idimraision within the structure. Itwillbe 

underwood that a substmtially single crystal nanowixe may contain defects or stacking 
fariltB and still be lefened to as substantially single crystal as long as long-range order is 
present lb addition, the surface of a nanowixe can be dthei smgle orj^tall^ 
polyayatalline or amoi^iotus without aOecting the description of the ovetall nanowiie as 
30 bemgsubstantianysingibct^tBl. laOiecaseitfanon-^ingleccystallhiesnifo^ 

nanowiie is considered to be single crystal if it camprisea a substantiany single crystal 
core extending radWfly from the center of flie whe more than 1/5 of flie distance to the 

surface, preferably of flie way to the sotfece. 
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[0034] Tht present inventiozi provides for the selective deposition of 
' .: nanostmctates (including those noted above, e.g., nanowires) in preselected legions of 
substrates by providing a masking layer that masks off certain portions of the substrate 
surface, while providing fluid access to those portions of the substrate surface where it is 
S desired to deposit nanostructuies. IMd containing the nanostructoies is ifaen directed 
through the ma^ such that the nanostiuctures contact the desired regions of the 
substrate, and the iianostructutes are inamv>btlized thereon latheconteKtof the 
invention, the substrate to which nanostructures are Immobilized may conqxtise a 
uniform substrate, e.g., a wafer of solid matedal, e.g., silicon, glass, quartz, plastic, etc. 

10 or it may cwapnso additional elements, e.g., structural, conapositional etc. For example, 
the substrate may include other circuit or structural elements that are part of the 
ultimately desired device. Particular examples of such elements include electdcal circuit 
elements such as electrical contacts, other wires or conductive paths, including 
nanowires or other nanoscale conducting elements, optical and/or optoelecttical 

15 elements, e.g., lasers, LEDs, etc., structural elements, 6.g., microcantilevers, pits, wells, 
posts, etc. 

[0035] By further controlling the direction of flow of the nanostructure 
containing fluid through the mask, one can substantially align or orient the 
nanostructures that immobilize to the surface of die substrate. For example, nanowiies 

20 that are beiag deposited on a surface tend to be longitudinally oriented in the direction of 
flow of the carrier fluid in which they ai» suspended Accordingly, one can substantially 
longitudinally orient nanowires on a surface by flowing the carrier fluid in a direction 
across the sur&ce that is parallel to the desired longitudinal orientation of the nanowires. 
By "substantially longitudinally oriented" is meant that the loi^tudinal axes of a 

25 majority of nanowires or other retevant nanostructures in a collection or population of 
nanostructures are oriented within 30 degrees of a shigle direction. Preferably, at least 
80 % of die nanostructures in a population are so oriented, more preferably at least 90 % 
of the nanostructures are so oriented JEn certain preferred aspects, die majority of 
nanostructures are oriented within 10 degrees of die desired direction. 

30 [003^ In the context of the present invention, it is generally prefened to provide 
for selective positioning of nanostructures on certain re^ons of substrates while 
simultaneously providing for desired orientation of those nanostructures. However, as 
will be readily appreciated, there may be a number of instances in which one aspect of 
the invention is more desired than the otiier. For example, in certain cases, it may be 
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' desired to align nanostractmes on a substrate surface witibi little or no legaid for the 

\, positioning of AenanostnictUTBS on that surface. Sinrilady, there may be instaiK^es 
where selected positioning of nanostructures is desired with little or no regard for ttie 
orientation of the nanostroctotes once positioned Althou^ the disclosure may focus a 

S particular discussion on one aspect or the other> such discussion is generally for ease of 
understanding and convenience of description. It will be qq^neciated that in many cases, 
such disclosure qiplies equally to all aspects of the invmtion. Similarly, the following 
discussion oflCT focuses on nanowiies as an exanxple embodiment fo^ 
illustration. ItwiUbe£q[»precialedd)atotheriianostnK:t^ 

10 methods, systems and devices^ depending on the ag^cs&osL 

[0037] As noted previously, elective contact between nanostructures (e.g., 
nanowixes) and regions of a substrate is acconqilished dirough a maak-based method, 
where a rnaskingelenient is placed over the entire sub^ The mask provides 

for fluidic access to the desiredregions of the substrate. Amaskmaybeasinqplestencil 

15 type mask where a soUd layer that includes apertures disposed tfttou^ it i^ 

fabricated over the surface of the substrate. The apertures provide the fluid access to 
certain regions of the substrate surface and by directing fluid containing nanostructures 
such as nanowires (or other collections of nanostmctuies, e.g,, dry powders, etc*) to the 
surface of the substrate, one can ensure nanostructure contact, and ultimately localization 

20 and immobilization to those regions. By way of example, nanowires may be particularly 
targeted for positioning or localization in desired areas of the substrate, e.&, areas in 
vrtiich integratiOT with additional elements is to occur, or to keep nanowires out of areas 
in vrtiich their presence could prove detrimental to ancillary functions of a nanowire 
based device. By way of example, it may be particulady desirable to ensure that 

25 nanowires contact dectrical contacts or other drcuitdeni6nts,wW^ 

with other regions of the substrate surface, By domg so, one can ensure that efforts at 
depositing nanowires are focused in those regions of flie substrate where deposition is 
desired, and not in otiier regions where it is less desirable. 
[0038] Jn paiticulariy preferred aspects, however, the masking element will be 

30 somtewfaat more conos^Iextfian a sinqplestrndl like mask. In particular, in ord^ to 

provide for both positioning and orientation of nanostructures on a substrate surface, it is 
generally desuable to provide fc»r directed £1 o w of fluid across the surfece of the 
substrate. A8sucfa,itwing^eraUybedesu»dtoprovideainaskingeIenien 
provides fluidic channels across selected regions of a substrate's surface. Such masking . 
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elements are also often xeferied to as manifolds. In bnef, one can fabricate one or more 
grooves into a planar substrate to provide a manifold elemj^t This planar element is 
then mated with the substrate surface upon which selective deposition of nanostnictures 
is desired The matiiig of the nvmifold element with the substrate surface encloses the 
groove on tbe nianif old elenoent and pmvidea a channe 

walls, a poztion of the substrate surface. The gix>ovd typically includes a fluid inlet port 
and a fluid outlet port to permit the inttodactioii and flow of fluid containing 
nanostroctures into and through tte channel in the manifold eLement In more ptefeaed 
aspects, these fluidic channels disposed ov^ the substrate surEace will be microscale in 
cross section, e.g.» having a width dunension across the substrate that is less than 1 mm, 
preferably, less than 500 ^m, and in many cases, less than 100 /im. 
[0039] One of the advantages of the present invention is its abiUty to be readily 
adapted to provide methods for larger scale production of nanostmcture containing 
devices by providing full wafer scale nanostmcture orimtation and/or positioning 
processes. In particular, a nanostructure (e.g,, nanowire) containing device, Ufce most 
integrated circuit devices, is typically embodied in a smaU chip. like the integrated 
circuit industry, it would be desirable to be able to manufactuie multiple devices in 
parallel &om individual and larg^ wafers. 

[0040] In accordance with the prsssat invention, a substrate wafer is provided 

fRim which multiple devices are to be produced A fluid that conlains nanoatructures is 

contacted with, or in the case of flow aligned nanostructures, flowed over aU 

mote selected portions of die substrate in a desired direction. As noted above, for flow 

aligned nanostructures, the direction of flow will typically dictate the substantial 

longitudinal odentation of the nanostnurtures that become ircm^ 

the substrate, 

[0041] In some cases, it is preftaied to provide nanostructure^ 
regions of die surface of the substrate, e.g., to minitniTe extraneous wire deposition, 
avoid wasting wires on unused portions of the substrate, etc. In such cases, a masking 
element is ^vided over the substrate surface to ensure that nanostructure containing 
fluid only comes into contact with one orxnxm selected regions on the substrate surface. 
By way of example, a channel block or manifold that includes one or more channel 
grooves is placed against the substrate wafer and fluid containing tiie nanostructores is 
flowed through the channels in die desked direction to provided oriented nanostcuctures 
in die selected locations on the wafer surface. 

10 
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[0042] la ojxter to produce multiple devices fix)m the 

\, electrical intecface coiE^Kxaents are provided on the wafer. For exajnple, in producing 
multiple simple devices ttiat includes two electrical contacts bridged by one or more 
nanostructuies, multiple pairs of dectrical contacts can be provided on the substrate 
5 wafea:,cattesponding to each device. Typically,eachpairof such electrical contacts will 
be provided close enough to each oth^ in fte desired direction^ e.g., the direction of 
longitudinal orientation of die nanostructuies, such tiiat a nanostructure could bridge the 
space between the electrical contacts. Kfiiltiple pairs of electrical contacts are provided 
at multiple different positions on tiie wafer sur£Eu:e. The 

10 nanostructure devicest e,g.i cme or mat^ nanowires bddguig a pair of electrodes, are then 
segmented into multiple separate devices. 

[0043] Figure 1 illustrates a wafer based process for producing nanostructure 
based devices. For convenience of illustration, an embodiment in which nanowires are 
oriented, positioned and integrated with electrical contacts for subsequent q^lication is 

15 shown. Othornanostcucturescovild be substituted in the device. As shown, a substrate 
wafer 100 is provided ficom whidi multiple nanowiie based devices are to be febricated. 
The wafer 100 may include surface functionalization, e.g., as described herem. A 
masking element, such as manifold 102 is overlaid on the relevant surface of the wafer 
100, The manifold includes a plurality of fluid accesses, e.g., fluid channels 104-1 18, to 

20 die surface of the substrate. In particular, as shown, channels 104-118 are sealed on one 
side by the surface of flie waf^ 100, as described above* TTiese channels are coupled to 
fluid ports 120 and 122 as the fluid inlet and ouflet ports, respectively. 
[0044] The manifold or masMng element 102 maytake on a variety of fonns 

and/or be fabricated from a variety of materials. By way of example, the manifold may 

25 be fabricated from rigid substrates, e.g„ glass, quartz, silicon, or other silica based 
materials. Sudi materials provide ease of manufacturing, in that the ele^ 
manifold, e.g., the fluidic channels, can be fabricated by processes fliat are well known in 
the microfluidicfi, and mictofabricatirai industries, e.g., photolid:iography and wet 
chemical etohing. Similady, polymeric materials may be used and are readily 

30 manufactured using midomoldiiig techniques, e.g., injection molding, microemibossing, 
ete. M some prefixed cases, flexible inaterials are dedrable as they 
contact between tiie manifold element and substrate surfaces diat may not be p^ectiy 
flat. Examples of such materials include, e^g., polydimediylsilaxane (PDMS) and the 
like. Such niaterials are readily Induced by micramQldingtec^ 
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.V 

w' 

fabricated in accordance with well known microfahrication techniques, e.g,, 
' i photolithography and nickel clectrof onning of a master, followed by in situ 
polymerization of the PDMS noanifold Me^^ 

large variety of different materials are described in detail in the ndcrofhiidlc patent 
S Uterature, e.g.. US Patent No. , 6,180^9 to Whitesides et al, and S,SOO»071 to Swedberg 
et al., and U.S. Patent No. 6423J98 to CHiandi et aL, the full disclosure of each of which 
are h^by incorporated heisin by lefer^ice in thdr enth^ 
[0045] A fluid that contains nanowires is flowed into fluid inlet po^ 
through channels 104-118, and out of fluid port 122. Dudng flow of the fluid, nanowir^ 

10 immobilize to the regions of the wafer surface that are included in ttie channels 104-1 18. 
Removal of the manifold then ^dds immobilized nanowiie populations 124-138 in 
selected regions that correspond to flie regions accessed by the fluii Further, because 
the fluid was flowed in a selected direction, e.g., through the channels from the inlet port 
to the outlet port, the nanowlies that ate immobilized on the wafer surface in these 

15 selected regions are substantially longitudinaUy oriented in the direction of fluid flow, as 
shown by expanded view 140 which shows oriented individual wires 142. 
[004Q In alternate aspects, one may employ more complex fluidic channels or 
fluid control systems in or attached to the manifold element to more acutely control 
where and how nanowires immobilize on die surface of the substrate during tfie 

20 deposition process. la particular, one can take advantage of fluid niecdianicswil^ 
manifold channels m order to more piedsdy direct deposition of nanowires against a 
substrate surface. 

[0047] Hgure 5 provides examples of channel geometries or control systems that 
can be used to provide for wize deposition in desired locations. By way of example, 
. 2S Hgure SA shows a cross section of a fluidic chamidSOO, viewed fiom above whe^ 

fluid channelB widen at the region 502 of desired dq^mtion. By widening the channels, 
fluid velocity through ifaat channd pordon is slowed (the resid^ice thne of wires in this 
region is increased) which enhances the likelihood that wires will d^osit against the 
substrate in diese regions, e.g., shown as the dashed oval 504. Altematively, as shown in 
30 Figure 5B, channel regions 510 that have regions with shallower depths 512, e-g., shorter 
diffusion distances required to be traversed to reach Ae substmte surface, may b 
provided By providiug a shorter difliision distance between the fluid and the subs^^ 
surface region of interest, e.g., region 514, again, one may enhance the rate at which 
wires contact and are deposited on the desired surface regions. 

12 
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[0048] In other aspects, flow irregulanties may be provided by the channel 
V , geoiziotry which yidd aggregation or deposition of particulates, e.g., nanowires, in 

desired regions. By way of example, and as shown in Kgure 5C, one may provide 

channels 520 that include coves 522 in the channel geometry, or comers 524 at which 
5 will fuinction as deposition zones 526 as a result of eddies or other ledrculating flows 

ttiat contain nanowires in &ese regions for extended times. Streamlines ate indicated by 

the dashed arrows. 

[0049] In a further aspect^ one may eQ:ployotii^ineans for pref^^ 
depositmg structures such as wires in certain locations. One such eumplemvolves 

10 producing standing wave patterns in the fluid containmg the nanowiies over the surface 
of the substrate. Such standmgwav^ can be used to oeate tegular pedodicpatt 
nanowires deposited on the substrate surface. Figure 5D schematically illustrates a fluid 
. chaimel 530 and wave generator 532, as well as an exemplary deposition pattmi for die 
nanowires on tiie surface of the substrate. As shown, a series of stamfing rolls 534 is set 

15 np withui a fluid containing channel that yields pedodic deposition of nanowires, e.g., in 
zones 536, In addition, interfering waves could be set up in other directions, e.g., 
orthogonal to the first standing wave, to provide more precise localization of deposited 
wires. Wave generators that are particularly useful in ^:cordance with this aspect of the 
invention include piezoelectric elements that provide high frequency vibrations to the 

20 fluid witinn die channel. 

[0050] Positioned and oriented nanostructures such as nanowires are far more 
amenable to integration with electrical elements in a controlled, high yield DsishiorL For 
exaixq>le, by providing populations of positioned and oriented nanowires, e«g., 
populations 124-138 (figtm 1), one can more ptedsely select locations for dectdcal 

25 contacts, in order to maximize die likelihood of functional connection between 

nanowues and electrical ccmtacts or other dmients* By wayof SKan^lcif onehasa 
population of nanowires that are randomly dispersed within a relatively small area, but 
are oriented to be pointing substantially hi one direction, one can provide electncal 
contacts witUn that small area and spaced i^art in die direction of orientation by a 

30 distance diat will likely be spanned by at least one iianowii^ Sudi a distance can be 
selected to be less tlian the average size of thenanowuesintiiepc^iulation of nanowires. 
To CTisure greater likdihood of spaxming the CGS^^ 

that is less than 90% of the average length, less tiian 80% of the average lengdi, less than 
70% of the averse l^gth^ and in some cases, less than 50% of die average lengtii of the 
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nanowijces in the poptilation. Of course, the closer together the contacts, tfie more likely 
' c it becomes that one CO* nmynanowixesMdUfaridge the tw^ Althougjti 
descdbedin terms of two electrical ccmtacts, it will be appreciated that die nanowiies 
may be integrated with a wide vaiiet/ of other elements, inclnding multiple, e.g., more 
S than two electrical contacts, otihier ciicuit elements or nanoscale stroctuss or dements 
fabricated into or onto fte substrate (see, e.g., conmionly owned Provisional Patent 
Application No. 60/392,205, filed June 27, 2002 and incorporated herdn by reference in 
its entirety for all puzposes), stnictural elements, e.g., ridges, posts, wall8> etc., optical 
elements, or virtually any other elemimt that would be ent^Ioyed in a device tliat 

10 conopises nanowiies. 

[0051] Integration of flie populations of nanostractures (e.g., nanowires) on the 
wafer with electrical elements can dther be concurrent with the immobilization process 
or it can take place in a subsequent separate step. Ihparticular, the wafer may be pie- 
pattemed with electrical contacts, such that immobilization of nanostructuies in selected 

IS regions corresponding to the positions of the electrical contacts yields wires that bridge 
the contacts. Altexnatively, the electrical contacts may be patterned over the 
nanostructures (or at least portions of the nanostructures) that axe immobilized on the 
wafer. 

[0052] As shown in Hgure 2, a number of noetaUization patterns can be provided 
20 ona wafer. As shown in Hgure 2^8 wafer 100 that has nanowire populations 124*138 
deposited thereon is subjected to furOier processmg to dqrasit electrical eiraients onto it 
As noted above, howevor, electrical elements may be prqwttemed onto die substrate. A 
metallization pattern is established on the substrate using convmtional 
photolithb^phic processes, e.g„ photolithographically d£dSning and develqnng a 
25 patton in a resist coating over the substrate, followed by e.g., evaporative deposition or 
sputtering of nietaldecttodes in the opa regions. As shown, a photomask 202 that 
ccMiesponds to the deskeddectiode pattern 204 is used in the photoHthogra^c 
d^mitiott of the electrode patteros. As can be seen, tiie wafer based process produces 
multiple discrete devices (each conesponding to a square 206 in the photomask). Once 
30 die electrodes are laid down on the substrate, the mask is removed to yield a wafer with 
multiple integrated devices 208, where each device includes a discrete pattern of 
electrodes 210 that are connected by nanowiies 212 within each population of nanowires. 
As shown, the electrode patterns are targeted to be overlaid upon the regions where the 

14 
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different populations of nanowkes are deposited, to maximize the potential of accurate 

V , integrationof the two elements. 

[0053] As shown, the electrical contact patterns also employ elonents of 
efficiency. In particular, as shown, a common electrode 222 is provided for aU device 
S f^ilfiy^gnta in a discrete device. In particular, while a number of nanowire based devices 
ai6 provided, e.g., the wire connection between electrode 224 and *222 and between 
electiode 220 and 222, botii dements share the common electrode 222. This permits the 
easier connection of the electrical contacts for all of the elements witiiin a given device 
witii other poitions of an overall systrai. In tiie case of operable devices, it will be 

10 readily j^pxeciated that each device may include a single wire connection or may include 
multiple connections, e.g., as ^ownln Hgoce 2. Fdrther, these connections may be of 
the same type, e.., wires of the same composition, or witii surface treatments that ate the 
sasoie, e.g., attached Uganda, antibodies, nnddc acids, etc. (for seoscv applications}. 
Alt^natively, each device rosy conqxcise multiple differmt wire connections, e.g„ wires 

IS that have a different basic composition or surface binduigeleme^ For a discussion of 
sensor based applications of nanowue based devices, see, e.g., U.S. Ftovisional Patent 
Application No. 60/392,205, ffled June 27, 2002, and Cm, et al., Science 293, 1289- 
1292 (2001), the full disclosures of which are incorporated her&in by reference in their 
entirety for all purposes. 

20 [0054] Again, as noted above, each metallization pattern 210 corresponds to an 

individual device. As shown in the expanded view, each metallization pattern 210 
includes a series of patterned electrical contacts/traces, e.g., contacts/traces 220, 222, etc. 
The pairs of electrical contacts, e.g., contact 220 and 222, are spaced apart ftom each 
other try a distance tiiat has a desired likelihood of having a desired number of nanowires 

25 ttiat span the two electrical contacts. In particular, if one has a population of nanowires 
whece the average Iragtii of nanowtces is approximately 10 ^m, one can increase the 
likelihood of one or more wires spanning two electrical contacts by placing them less 
than 10/imi^arL Ilie clos^tiie electrical contacts are together, the more likely it 
betiiatatleastonerianbwiresiUqiidifhetwocoiitacts. Thus, in some cases, tiie 

30 electrical contacts will be less than 5 ^mq)art, andin other cases, less than 1 /im apart 
[0055] As win be readily i¥predatcd,ttie methods described h0^ 
limited to ain^e sets of nanostructures (e.g., nanowires) oriented in a single direction, 
but can be used to provide substrates tiiat include nanostructuxes oriented in any desired 
diiection. Such dtffeoDBntly oriented nanostructuxes can be pos^^ 

15 
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locations on a substrate or substiate wafer^ or they can be provided in the same location, 
' : e.g., layered^ so as to pnovide arrays of crossed, but electdcaUy or structurally coupled 
nanostructoies. Alternatively, such layered structures may simply be used to provide a 
duee dimensional architecture for a device. e.g., where each layer of nanostructores is 
S separated by an intecmediate layer. 

[0O56] Tor example, following immofailizatioxi and onentatlon of nanostructures 
in a first direction, the n:ianif old element ntiay be rotated and additional nanostructuics 
immobilized and orii^ted on the smface of tibe substrate. The result is populations of 
nanostructures positioned on a substrate that are oriented in a first direction that overly 

10 with populations ofnanostructures oriented in a differ Nanostructures that 

are diffecently oriented may comprise the same composition or they may comprise 
different compositions. For example, a first population of semiconductor nanowires that 
is p doped may be positioned and oriented in a first direction. A second population may 
be positioned and oriented orthogonally to the first set and may include n-doping. The 

15 resulting p-n junction could then be used for a vari^ of different applications, 

including, e^g^ optoelectronic applications, memory and logic plications, and die like, 
e.g., as discussed in Published PCT Application Nos. WO 02/17362, WO 02/48701, and 
01/03208, the full disclosures of which ate hereby incorporated herein by refermce in 
their entirety for all purposes, 

20 [0057] Bidirectional or nmltiditectiradQrieaitatiQn of nanostnictu^ 
m this example, though it will be appredated that other nanostructures could be 
substituted) is schematically iUustcatedin Hgure 4. As shown in Hgurc 4, fluid 
containing nanowires is flowed in one direction oyec the substrate surface region 400 
where wire deposition is desired lliia results in the deposition and iiimiobilization of 

25 wires 402 in this region where the wires are substantially longitudinally oriented in the 
direction of flow. Huidcontainmg wires are then flowed ovet the same substrate region 
400 in a different direction, e^g., orthogonal to tiie original <]^rection of flow and 
orientation. This results in dqM)sition and imnu)bilizatioQ of wires 404 on ^ 
substrate region orirated in the different dkection. This will result in a certain number of 

30 cross wire junctions 406 being formed on the substrate surface* By then adding electrical 
contacts 408, 410, 412 and 414, either before or after the addition of vrires, one can 
establish integiated electrical cross junctions, which may include wires of like or 
different conoposition, e*g., doping. 

16 
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[0058] Id an alternative ammgement, and as discussed above, integrated 
\ . nanostructuie jnnctions may be created from a fb^st nanostmcture that is fabricated onto 
the surface of tbs substrate by more conventional means, e.g., e-beam lithography or die 
lilce (see, Provisional Application No, 60^92,205, previously incorporated hcrem by 
S ref^ence). Such '%itegrated circuits'' may be readily combined with the fr^ 

nanostructorcs in accordance with the pies^ invration, as can other integrated circuit 
elements, e.g., elements that arc fabricated into or onto the sur&ce of the substrate prior 
to adding the nanostroctms elem^ as described in the present invration. A second 
nanostructore is interfoced with the first using the flow based alignma:]t methods 

10 described heaein. By way of example, a thin nanostructuie element may be ftbdcated 
from an SOI wafer whoe Aerdcvantseniiconductor is p-^Iop^ n-^ped, fiee 
standing nanostructuie is then dq>osited across the first wire dement to provide a p-n 
junction. A variety of different jmiction types inay be created in diis manner 
simple switches, etc. as described above. 

is [0059] As described above, the miethods of the invention involve the 

immobilization of nanostructuies onto a surface of a substrate. As used herein, the term 
"immobilization^ refers to the coupling of a nanostructuie with the substrate surface, or 
chemical groups on that surface, such that the nanostructuie remains in position on the 
substrate surface despite being contacted by fluids, moving air or gas, etc. 

20 Immobilization may be permanent or reversible. Typically, immobilization is die result 
of chemical interaction between tlie surface or chemical groups on the surface and the 
nanostructures diemselves, or chemical groins on die nanostmctnies. Such interactions 
include, e.g., ionic mteractions, covalent interactions, hydropbiohic or hydrophilic 
interactiGns, and electrostatic or magnetic intra'acttons. 

25 [OOfiO] In the case of certain substrates and nanostructures, the existhig surfed 
of the substrate and the nanostcucture may pmvide sufficient attraction between the 
substrate and the nanostmctore to provide immobilization. For example, wh^ the 
nanostructures and substrate surface are genially hydrophilic, one could dispose the 
nanostnictures in a hydrophobic sdvent to ccmtact them with the surf Asaresult,the 

30 favored reaction would be for flie nanostructures to associate witib the substrate surface, 
resulting in immobilization. Alternatively, and in particularly prefeoed aspects, o^ 
provide surface fimctionalization on one or both of the substrate and/or the nanostructure 
that facilitates coupling between fte two. 

17 
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[0061] la fonctionalizmg the substrate surface, where such fuiictionalization is 
^ necessaiy or desiied, one may provide the ability to couple the nanostructures to an 
entile substrate surface and lely upon the masking step to selectively position 
nanostructures, or one may also provide only selected xegions of fiinctionalized surfaces 
5 to further sdectively position nanostmctuies on ti^ b particular, one may 

functionalize only first selected regions on ±c substrate or wafer, Thm, by masking off 
o&er selected regions that include portions of the fimctionalized regions, one can further 
control how nanostructures are coupled to the suffacectf (he substrate. FiguteS 
illustiates such a process using the same maoifold 102 for surface functionalization 

10 follow^ by nanostcuctuie deposition. As shown, manifold 102 is placed over wafer 
100, and appropriate functionalization chemistcy is directed throng the channels of the 
manifold, llus results in deovati^ed surface regions that coizesi^ 
118. The manifold is then rotated, e.g., 90°, and nanostructuie containing fluid is 
. directed through the manifold. Because only a portion of the surface wliich the 

IS nanostructures contact is functionalized, the nanostructures will be positioned and 

oriented substantially only in those regions. When the manifold is removed, it yields a 
substrate in which nanostructures are only immobilized in selected small regions, e.g., 
regions 324, 326, etc., that wete both funciioDalized, and exposed to nanostmctures. 
This provides for even more precise control over positioning of the wires. For example, 

20 one can target the fimcdonalization to provide iDoie precise localization of 

nanostroctures m the desired xegions, such as fimctionalizing the surface of the electrical 
contacts, but no other poitiohs of the substrate surface, m order to assure fliat the wires 
immobilize only to tlie electrical contacts, or in the regions whero electrical contacts aro 
tobeprovided. 

2S [0062] RmctionaUzationofthe surface may be carried out by any of a van 
means. I^example, as discussed d)ove,iunctiQnalizalionrxm 
substrate surface, or it may be patterned or chemically teniplaled onto the substrate 
surface. As used herrai, the term ''cbraiical template'* graecally refers to the deposition 
and/or reaction ispoa a substrate surface of a template fliat is dejBned by chemical 

30 modification of that substrate surface. In particular, chemical modification of tfie surface 
in selected regions will make it more likely that a nanostructuie will localize to a 
particular region, e.g., a desired region, than in another region, e.g., an undesired region. 
Chemical modification can be positive modification, e.g., the region of UKxlification 
provides enhanced affinity of the nanostmctore to the substrate, or it can be negative, 

18 
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e.g., it provides a rcpulsmg effect such that nanostmctnres are unlikely to localize in the 

V particulariBgion. ChemicalmodificalicmsiiKJludeanyof a variety of different 

treatments that arc well loiown in fee art of surface chenoistry, including coupling of 
active groups that are c^uible of bondizig to or otherwise associating with the 
S pflnrvstfiictutea or with chemical groups disposed upon those nanostructures. The 
functional chenucal groups presented may interact with the nanostructures via affinity 
interactions, ionic interactions, hydrophobic and/or hydrophilic interactions. 
[0063] As noted above, flie substrate may connqprise abaie substrate ormay 
include other eleinents, includiiig oilier device elexnmts and/or other nan 

10 electrodes, nanostmdures, circuit elements, etc* The chemical moieties may be an 
element of the substrate, or they mayl^e coupled, either directly or tbiou^ a link^ 
noolecule, or otherwise provided upon the surface of the substrate in the desired pattern 
or at flie deshed locations or regjions of the substrate's surface. 
[0064] One arrangement for ci^turing nanostructures involves forming surfaces 

15 that comprise regions that selectivdy attract nanostroctuies. For example, -NH2 moieties 
can be presented in a particular pattmi at a surface, and that pattern will attract 
nanowires or nanotubes having surface functionality attractive to amines. This same 
surface functionality is also optionally used to generate an ionic attraction wh^eby 
surface amines are exposed to an acidic environment resulting in a predominantly 

20 positively cliarged surface, e.g., populated with NHs^ groups tiiat can attract negatively 
charged nanostractme surfaces or repel like charged materials. Surfaces can be 
patterned using known techniques such as electron-beam pattaning, soft-lithography, or 
the like. See also, Ihtemational Patent Publication No. WO 96/29629, pubKahed July 26, 
1996, and U.S. Patot No. 5, 512,131, issued April 30, 1996^ 

25 [00651 Templates rnay have inhoOTt affinity toward nanostrqctiuBS,^ 

ptovidedi such that the affinity can be accentuated. Ik^r example, in preferred aspects, 
chemical templates are generated by providing protected functional groups over the 
surface of the substrate upcm which the nanostructures are gomg to be provi^ Desired 
portions or regions of the substrate surface are then deprotected, e.g.. (he protecting 

30 gtoiq» are removed or transforzned, to yieldan active site to which nanostructures will 
bind or otherwise be localized As alluded to above, die regions oftfae substrate that are 
deprotectedmay conopise abasic substrate surface, ag., aSiOa substrate, wthey may 
include other elements, includmg functional eiraients, on the surfiace of abasic substrate. 
For example, a chemical template may define regions only on fte surfoces of electrical 

19 
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contacts that are present on a basic substrate, and not elsewhere on die substrate soifacei 
' . . so as to increase the likelihood that nanostructores, e.g., nanovvixe(s), will be coupled to 
those electrodes, and nowhere else. 

{0066} Jn a Sxat aspect, photodeprDtectian is used to provide a chemical tenq[)late 
S for directed positioning of nanostrocbires. In particular, a substrate to which 

nanostcuctacBs are to be coupled, bound or otherwise associated, is treated to provide a 
layer of chemical moieties that include active functional chemical groups fliat would 
interact, e.g., bind, to a nanostructuie^ but for the pcesence of a protecthig group coupled 
to that active group. In accordance with fhis aspect of the invention, the protecting gr^ 

10 provided on the active group is a photokbOe protecting group. Specifically, in ord^ to 
activate the molecules on the surface of die substrate, one must expose the photolahile 
protecting group to lig^t of a desired wavelength, to remove the protecting group and 
yield the active chemical moiety with which a nanostmcture may interact/bind. By 
selectively exposing desired regions of tiie substrate, one can selectively activate a 

15 pattern of regions on that surface and drive the selective positioning of nanostmctures 
accordingly. Such selective exposure can be canied out using standard 
photolithographic techniques, e.g., mask-based exposure, laser writing, e-beam 
lithography, etc. tliat are very well known in the art 

[0067] A wide variety of photolabile protecting groups and their associated 
20 linknge chemistries, e.g., that couple other elements to surfaces, once activated, are well 
known in tiie art, and have been used «tensively in the directed positioning of chemical 
elements on substrate suifaces. By way of exan^, in at least one aspect of the 
invention, amino or hydroxyl terminated organofiilane linker molecules ate provided 
coupled to the substrate surface. Thelinkergn>iq>is cq3ped by ap]x>tectinggroiqptfaatis 
25 cleaved or rmdeaoed cleavable upon exposure to light of a desked wavelenglfa. Examples 
of known photolabile protecting groi^ include mtroveratryloxycarbonyl protecting 
groi^, such as MVOC and MeNVOC, as well as nitcDpiperonyloxycarbaiyl protecting 
groups, such as NPOC and MeNPOC, and otiiers, e.g., PyMOC. The use of fhese 
protecting groups and others in photolithographic activation of sucfooes is desoibed in, 
30 e.g., U.S, Patent Nos. 5,489,678 and 6,147,205, the con^lete disclosures of which are 
hereby incorporated herein by reference in their entirety for all purposes. 
[0068] In alternative arcangements, Ainctional groups may be in an ionizable 
form, such that under certain conditions, e.g,, low or high pH, the functional group has 
substantial affinity for the nanostmcture, e,g., a strong positive or negative charge, while 

20 
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und^ diJEfemit enviionmeatal conditions, the affinity is sabstantially lower, or is even 
\> negative. 

[0069] In certain aspects, the organoaOiane polymer is terminated with a 
hydrophilic moiety. In such cases, the natural af&oity of the nanostructoic components, 
5 e*g., for semiconductor nanowizea, to the hydiopiulic moiety provides the selectivity of 
binding in die ovemU positioning process. Examples of linkers including such 
hydrophilic terminators include^ e.g., Qiydroxy/amino) ptopyitdethoxy silane derivatives 
and polyOtydroxy/amino)pn^yltrie1hoxys]lane derivatives Totakeadvantai^of an 
increase in hydrophilidty, protecting gtonps for this particular embodiment would be 

10 generally hydrophobic in natote. Qeavage would dien yield an increase in 

hydropbilicily at the desired locationr Use of relatively hydrophilic and hydrophobic 
smface templates has been described for use in, e.g., in situ chemical synthesis for 
biochemical micmatrays (see, e.g., U.S. Patent No. 5,985,551, to Brmnan et al.). 
[0070] Id this case, following exposure of the desired regions to expose the 

15 hydrophilic moiety in the desired regions for coupling nanostructures, a fluidic 
suspension of nanostmctures is flowed over or otherwise contacted with the entire 
substrate. The affinity of the nanostructures, e.g., semiconductor nanostructures, for the 
hydrophilic regions provides for the p2efi»:ential localization of the nanostructures in the 
deprotected legions. Such regioiis may include regions between and including electrical 

20 contacts, or between electrical contact(s) and other nanostmctures, or regions on 
. substrates where subsequent additional elements will be patterned to contact the 
nanostructures so deposited. 

[0071] While described in terms of hydrophilic affinity, it will be appreciated 
that a variety of different intezactiooos may be exploited in the attraction and/or repulsion 

25 of nanostructures within the selected pattern, including hydrophobic interactions, e.g., in 
regicms where it is not desired to have bmding, combined hydrppibobic/hydrophilic 
interactions, spedfic molecular afBnity interactions, e.g„ aniibody:anti^, 
avidenrbiotin, nucleic acid hyhridizaticm, or ionic inteiacfions. 
[0072] la the cases of affinity interactions (and evm in other non-affinity cases, 

30 where hi^ier efficiency coupling is desired), it may be necessary or deshahle to provide 
a fimcdonal group on the nanostructure to permit Ae desiied i^ 
nanostmcture and the substrate, e.g., a ccmpl^nentazy moLecuIe to that disposed on the 
substrate surface. In such cases, and particulady witfi refemce to semiconductar 
nanowires, e.g., silicon nanowires, derivatization of the nanowire may be earned out 

21 
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V, 

according to me&ods used to denvatize the substrate surface of lilce make-up. For 
example, oanowires may be silanized for attachment to the substrate surface, eithor 
directly or through an intennediate group. In particular, in the same fashion described 
for denvatizing the smface of &e substrate, supra, one could dfirivadze the nanowke 
S itself. Such derivatization could include addition cfafiGbiityxra 

hydrophobic groups, ionic groups, etc as desired to inqxcove efficiency of the positioning 
process. Id addition, functionalization of the nanowire provides facility in adding 
additional cornponents to die nanowire dement, i.e., for attachment of hiomolecules for 
biosensor applications (see» e.g., U.S. Patent Application No. 60^92,205, previously 

10 incorporated herein). Thus, in certain cases both the nanovfdre and substrate may be 
d^vatized to ftdlitate bmding and imptove efGcioicy of the positioning process. 
[0073] Additionally, or alternatively to the photo-deprotection process described 
above, patterning of a surface for nanostmcture attachment may utilize chemical 
depiotecdon methods, e.g., acid depiotection. Add deprotection generally utilizes acid 

IS labile protecting groups in place of the photolabile protecting groups described above. 
Directed exposure of regions to add may be accoxz^lished dirough mechanically 
directed means, e.g., channeling acid to the desired regions while preventmg the acid 
from reaching other regions. Such mechanical means can include the use of channel 
blocks mated with the substrate, ten[q>late masks. However, such methods often yield 

20 low resolution due to the difficulty in sealing the channd block to the substrate surface. 
Other mechanical methods include Inkjet printing methods, microcontact pdnting 
mediods, etc. 

[0074] For modification of electrodes to increase afSnity^ one could inovide die 
patterned electrodes widi a thin gold layer as the chemical moiety to increase afiSnity, 

25 and treat the nanostructures with thiol tenninatedorganosil^^ Thethiolated 
nanosttuctuse would then hind prefermtially to the gold electrode. 
[0075] Alternatively, photoresist layers are used to ^erate a mechanical stencil 
or mask for subsequent add exposure. In particular, aresist is coated on a substrate that 
includes add latnle protectmg group capping the functional groups. The resist is 

30 exposed and developed, e.g., removed, in the desired regions and the exposed portions of 
the substrate are subjected to add deprotection while die unexposed regions are not In 
still more preferred aspects, an add generating resist is used, where exposure of the resist 
in the desired locations results in generation of an add which in turn deprotects the 
functional groups in those desired locations. This latter method has an added advantage 
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of reducing the number of required process 3teps» in that the exposure and acid 
V . dqTOtecticm steps ate CGncunent 

[Q07<S] Examples of both add labile porotecting groups and acid gen^^ 

photoresists are well known in the art and include, e.g., DMT (dimethoxytrityl) and its 
S derivatives, as well as add generating resist layers that ate gqierally commereially 

available. 

[0077] Although described primarily in tenns of photolithographic patterning 
techniques, it will be appzedaled that otfa^ pattcming techniques, such as miciocontact 
printing techniques, laser ablative techniques (dtfaer direct or in conjunction with a resist 

10 layer, i.e., PMMA)» and fb& like may be enqployed in the pattoniqg steps. Such methods 
are generally well known in the art and are described in, e.g., U.S. Patent Nos. 6,180,239 
to Whxtesides et al, and 5,500,071 to Swedb^ et al. 
[0078] For otlierappficatiQDS,di£feientpretectmggreup types may te 
e.g., allyloxycarbonyl (ALLOC), fluoren^toieliioxycarixMiyl (PMOC), -NH-PMOC 

IS groups, t-butyl esters, t-butyl ethecs, and the like. Various exemplary protecting gtoiqps 
are described in, for example, Atheiton et al., (1989) Solid Riase Peptide Synthesis, IRL 
Press, and Greene, et al. (1991) Protective Gioups In Organic Cabenustxy, 2nd Ed, John 
Wiley & Sons, New York, N.Y. 

[00791 For the steps of selectively pBtteniingnanostructures onto the soifa^^^ 
20 Arcugh the use of a masking element, while in preferred aspects, the masking element or 
manifold is provided as a separate element or layer that is removably placed agaitist the 
substrate surface, it will be appreciated diat this element may be fabricated onto the 
surface of the substrate, e.g., in the same fashion as described with refarace to chemical 
templating of the substrate surface. Further, diis masking element may remain 
25 p^manently on the surface of the substrate, or it may be removed through subsequent 
processing of the substrate. Saparticdar, a naanifoldelemmt may be fabricated onto a 
substrate or substiaie wafer surface by coating a layer of material, eg., a polymeric resist 
layer on the substrate. la prefeired aspects, polyn^c resists, and preferably photoresists 
are^spia coated onto wafer surfaces. As described above, the substrate may include 
30 dectrical contacts pr^patteraed onto the sui&ce of the wafer. Similarly, the surface may 
be pre-fbnctionalized in first selected regions for coupling to nanostiuctDres, as described 
above. 

[0080] FoUowkg coating of the layer that is to form the manifold or masking 
layer onto the substrate surface, passages are defined throu^ that layer, typically as 
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troughs, trenches or fluid chamiels in the layer to provide fluid access to the surface of 
the substrate. By using a photoresist as the inasking layer, one can 5inq)ly use ^ 
recommended exposure and develq[)ment processes for the resist used to define the 
passages. Once the niasking layer is defmed on the surface of flie^ 
containing the nanostructures is flowed over the substrate and/or specifically through die 
defined channels or trough in the deared direction in order to allow the nanostructures 
to be iinnu)bi]ized on the substrate surface in the desired oiie^ Aswill be 
appreciated, enclosed or sealed channels are generally preferred for flowing 
nanostructures ui a desired direction. As soch, in preferred aspects, an additional cover 
layer is optionaZly and preferably disposed ov^ the masldng layer to provide flow 
channels, like with a manifold While either positive or negative resists may generally 
be employed in accordance with tibe invention, for use in templating, it will be generally 
desirable to use positive photoresists, as they are less prone to swelling in aqueous 
solutiozis or in ethanol, which is often employed as the fluid carder for nanostructures, 
e.g., nanowires. Positive resists additionally provide better adhesion to many substrate 
layer types, e.g., silicon, and provide greater mechanical strength. This allows for more 
precise templating or masking in the positioning of nanostructures. As noted, this layer 
may be removed in subsequent steps or it may be allowed to remain on the overall device 
to provide additional structoral features, e.g., insulation, moisture barders, fiuidic 
conduits, etc. A wide VBri<^ of different positive and negative resists are generally 
commercially available, e.g., from DuPont, i.e., DuPont 8000 series resists. 
[0081] Once die nanostructures are deposited, the mflaVitig layer may be removed 
from the substrate to allow for additional processing. Alternatively, where various 
integration elements are pr^ositioned on the wafer or substrate^ it may hot be necessary 
to remove the maskhig layer. M fact, in sonie cases, die masking layer rnay provide a 
barrier or insulation between electrical or fluidic elements of a device. In the case of such 
masking layers, it wiU be appreciated that any of a variety of resist layers are readily 
commercially available for this jaocess, including, e.g., polyimide or FMMA based 
resists, or any of a varied of resists tiiat are generally conomercially available. 
[0082] One of the advantages of the invention is its ^licability to 
manufacturing on a commiercial scale. In accordance with this advantage, Hgure 6 
schematically illustrates an overall system that may be used in commercial scale 
alignment and deposition of nanowires onto substrates and subsequent device integration 
(it will be appreciated (hat other nanostructures could be used in place of the nanowires, 
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in certain variant applications). As shown, the system 600 includes a somce of nanowiie 
\, containing fluid 602. A pomp 604 delivers the fluid to tibie inlet port 606 of a deposition 
module 608 which would typically include a base substrate 610 onto which nanowires 
ar^ to be deposited, and a manifold demrat 612 which directs die flowing nanowiies to 
S selected regions on die sui&ce of the substrate to which the manifold is mated. 

Following contact with the substrate, the fluid exits the manifold 612 through outlet port 
614, where the fluid and the nanowirea still contained therdn are reclaimed, e.g., in a 
reclamation vessel (not shown) <x recycled bade into somce 602 (as shown). Typically, 
the module 606 may be multiplexed either in parallel e.g., as shown by module 616, or 
10 in sedes, as shown by module 61 8, provided there is a suffident concentration of 
nanowires in the fluid, in Older to increase the throughput 0 

EXAMPLES 

[0083] Exanq)le 1: Controlled Positioning and "Piny Alifmnifitit nf ^flTinwims 

on a Wafer Scale 

15 [0084] Nanowires were positioned and oriented on a substrate and subsequently 
integrated with electdcal connections in accordance with Ae invention. 
[0085] Silicon nanowiies used for flow alignment were synthesized by gold 

cluster mediated chemical vapor deposition methods, and the resulting nanowires were 
suspended in ethanol solution via ultrasonication. 

20 [00849 A poly(dimediylsiloxane) (PDMS) stamp, e.g., as shown in Hgure 1, was 
fabricated by photolitfaogrqdiy. The FDMS stamp had a thxee-inch diameter, wiHi ei^t 
parallel channels spaced? mm apart with each channel having a widtti of 500 pm, anda 
depth of ^200 Mm« 

[0087] A silicon substrate wafa:(su£foce oxidized, 600 nm oxide) to be used in 

25 flow assembly was functionaEzed with an NHrtenmnated self-assembled monolayer 

(SAM) by immeision in a 1 mM chlorofomi soluticm of 3-ammopropyltriethoxysilane 

(AFTBS) for 30 mm* followed by heating at 1 lO^'C for 10 min. 

[0088] Alignment of nanowires was performed by confomihig the T?Db/SS stamp 

to the functionalized surface of die silicon substrate. The ethanol solution of nanowiies 

30 was flowed into the parallel channels of the stamp thiougjli one port Qnlet) and out 

through the oflier port How was eiflier induced by gravity, e,g., tilting the substrate to 

-40**, or through application of a positive pressure to the inlet port 

[0089] Once the nanowire solution was delivered througji the stamp, the PDMS 

stamp was removed, and die surface of the substrate wafer was coated with aphotoiesist 

25 
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Figure 7 shows an SEM ijnage of flow aligned naBOwires iinmobilized on a substrate. 

^ ;: As can be seen, a substantial majority of the nanowiies are substantially longitudinally 
oriented in a single direction in (he direction of flow during fhe deposition process. 
[0090] By stq)erimposmg virtual or postulated pairs of electrical con^ 
5 tbt oriented nanowires, one can estimate the efficacy of the fabrication process in 
producing functioning nanowiie containing devices, e.g. , devices in which one or more 
nanowiies connects a pair of electrical contacts. A virtual electrical contact pattern 
overlaid on the oriented nanowires is shown in Hgure 8A. EKaminadon of overlay m 
Hgure 8A allows for an estiinaCe of 0, 1, 2 and 3 wire connections betwem electrode 

10 pairs. Hgure 8B provides a plot of the distribution of connections in the estimated 
devices of Hgure 8A. As can be seen, functional device yield, e.g., percratage of 
devices showing one or more connection between a pair of electrical contacts, is 
approximately 75%. 

[0091] Photoli&ography was used to selectively remove portions of the 

IS photoresist, and electron-beam evaporation was performed to define the metal contacts 
on to the nanowires in selected locations on the substrate surface. The pattern of 
electrodes was as shown in Hgure 1. Hgure 9 illustrates the overaH device, as well as 
expanded views of the electrodes and nanowire connections between electrode pairs. 
Electrode pairs are made up between the common cmtral electrode and each of the 

20 separate ortiiogonally oriented electrodes. Bach connected electrode pair, e.g., 

connection between the cratral electrode and an orthogonal electrode, represents an 

operation element of a nanowire based device. 

[0092] Example 2: Na nostructme Mflmrfac^i^nB PtgcBs^ 

[0093] This example rel^ to a me&od of making a nanostroctu^ 

25 well as to devices produced by the methods and systems for malting die devices. In the 
metiiods, a substrate (e.g., hicluding a sendcondncting oystalline material, a polymer, an 
amorphous surface, silicon, glass, quartz, alumina, and/or gallium arsenide) is provided. 
A conductive TnntftHnl is patterned onto the substrate. This can be performed, e.g., tyy 
spin coating tii^ substrate with a negative photomsist, bakmg tihe substrate, exposing the* 

30 wafer to UV thiougji a mask, and, depositing the conductive materia] onto the substrate 
in regions exposed to UV, via sputtering, organic chemical v^or deposition, electrolysis, 
electrochemical deposition, or any combination tibieceof . For example, in one 
embodiment, the methods includes growing a layer of thermal oxide on the substrate via 
controlled vapor deposition and patterning the conductive material on the substrate, e.g., 
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by layering gold over chrome. This conductive matodal can incliide any 
^ , for interfacing with the nanostnictures, e.g., providing contact pads that Imk Ac 
nanostcuctures to other electronic elements of the device. 

[0094] Channels ace patt^ned on the substrate between regions of conductive 

5 material patterned on the substrate. Here too, patterning the channels on the substrate 
can include any ^cal process for patterning channels on a substrate, e.g., spin coating a 
positive photoresist on the substrate, baking die photoresist, exposing the substrate to UV 
flirough a naask and chemically developing the photoresist to reveal die channels . 
Alternately, inachiniiig methods can be used. The dmnnels can be opoi topped, or 

10 sealed by applying an qipn>pdate cover layer to the channeb^ la either case, 

nanostructuies are flowed in the duamels such diat at least one nanostructuie contacts 
the patterned conductive materid in at least two places. This process can include, e.g., 
placing a suspension of nanostroctures in the channels, agitating flie substrate to disperse 
the suspension and aUowmg the nanostructures to settle onto die conductive material 

15 under gravitational or cmtripetal force. 

[00951 An additional kyer of conductive rnatCTal is patterned in die at least two 
places, providing a device comprising a nanostructure that is embedded at at least two 
pomts in a conductive material This process also can include, e.g., sputtering, organic 
chemical vapor deposition, electrolysis, electrochemical dQWsition, or any combmation 

20 thereof, whereby the additional layer of conductive material is layered on top of the 
nanostructure, sandwiching a potion of die nanostracture between the conductive layer 
and the additional conducive layer. For example, diis process can include comprises spin 
coating a negative photoresist onto die substrate, exposing the substrate to UV light 
dirou^ a mask and sputtering a metal onto a region of the substrate that ^ 

25 tiieUVlight 

[0096] Accordingly, m one aspect, the nanostructure device is made u 
standard semiconductor maxmfactucing equipment to enhanice the manuf a^^urability and 
scalability of the process. Any of a number of different substrates can be used as 
described above, e.g., silicon, glass, gallium arsenide, or die like. The following process 

30 is an example for die purpose of iUustradng die nianu&cturing process of die nano wire 
device. The example device consists <tf silicon wafer as a substrate 
nuGConkyer of diranal oxide is grown via A patterned layer 

of chrome and fold is fonned on die wafer, via a process of spin coati^ 
negative photoresist, baking die photoredst and ^qiosing the wafer to UV 1^ which 

27 



wo 03/085701 PCTAJS03/09991 

has traveled tbiou^ a mask. A positive photoresist could be used in this plication, 
' . V provided the (diotomask is changed to coiiq)ensato for the di£fi^nt chemical reaction 
process in the photoresist Itie photoresist patterning process opem up areas into which 
metal can be deposited in subsequent steps. 

S [0097] N«t, a l^er of chrome 250 Aiigatroins deep is sputter depose 

open areas of ^ wafer. Iliisisfbllowedby a sputtedng of 1000 Angstrom of gold on 
top of the chrome. The znetal layers can also be depodted in any of a number of 
different ways* mcludhig, e.g.» sputtering, mdal organic chemical vapor deposition, 
electrolysis and/br electrochemical deposition. The photoresist defining the metal 

10 containing wells is stdpped away using tibie appropriate organic solvent This results in 
the contact pads and wiies, A layer of positive photoresist is spm coated on the wafer. 
The photoresist is baked to remove the solvent and promote flie adhesion between the 
organic photoresist and the underlying layer. The wafer is exposed using a contact 
aligner and a photomask. After the development of the photoresist using the appropriate 

15 chemicals, nanow channels are revealed. The channels located in tiie center of the 
nanowire device, are for the placement of nanowires which become incorporated in the 
nanowhre device. 

[0098] Trenches located toward the side of the stracture can be used as test 
patterns. These channels are for testing the placement and alignment of the nanowires. 

20 To place the nanowires on the metal contact areas located in the center of the stracture, a 
suspension of nanowires in ethanol is placed on the photoresist The wafer is agitated to 
evenly diq^^earse the suspension.into the channek where fli^ settle under 

gravitational force. The nanowires which setde on the contact pad will adhere to the 
pads white ttie nanowires v^chsetde on the siUcon dioxide do riot Afteragiven 

25 amount of time, the solution of etibanol containing the nanowire is removed and the 

wafer is rinsed with ethanol to rraiove the nanowires which settle on ttie silicon dioxide. 
The photoresist v^ch defined the fluid channels is removed using the appropriate 
solvent A new layer of negative photoresist is spin coated on the wafer. The wafer is 
baked to remove the solvent and promote tiie adhesion between flie organic photoresist 

30 and die underlying layer. The photoresist is reposed to ultraviolet ligiht which has 
traveled tiJTOUgh a photomask to open up metal contact areas. The photoresist is 
developed via the appropriate developing chemicals to reveal unmasked areas located 
around the point where a nanowire contacts a nanowire contact pad. Metal is sputtered 
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ov^ the wafer to fill the nanowiie contact pads. The photoresist is tsmoved osing tiie 
appropnate solymt to reveal a metal blanket sQUomding the nanowiie. 



[0099] Althougji described in considerable detail above, it will be appreciated 

that various modifications may be made to the above-described invention^ while still 
practicing the invention as it is delineated in the appended claims. All publications, 
patents patent applications or other documents cited hexein aichmbyincotparated 
herein by reference in tfaek entirely for all pmposes to tiie same tsOeat as if each such 
documirat was individually indicated to be incorporated for all purposes herein. 
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WRATTSCiLAIMEDIS: 



1 1. A method of depositing a popidation of nanostnictmes on a surface 

2 substantially in a desired onmtation, con^nising: 

3 flowing a first fluid containing nanostroctures over the surface in a first direction, 

4 the first direction being parallel to a desired longitudinal orientation of the 

5 nanostnictures; and 

\ 6 permitting a population of nanostroctures in the first fluid to become 

7 immobilized onto the surfece, a longitudinal dimension of the nanostroctures fix)m the 

8 fiist fluid bemg substantially oriented in the first direction. 

1 2. Ihe method of claim l.whercm the flowing step comprises pro 

2 micTOScale fluid channel on the surface of the substrate and flowing the first fluid 

3 through tiie fluid conduit m the first dhection. 

1 3. TThe mp *^"d nf daiin 1, conqaising providing a plurality of fluid channels 

2 over different regions of the sui&ice of the substrate, and flowing ttie first fluid throng 

3 each of the fluid conduits in the first direction. 

1 4. nie method of claim 2, wherein the microscale fluid channel comprises 

2 one or more of a widened region* a shallow region, and a cove, the nanostnictures 

3 preferentiaflyixnmobihzing in the one or more widened region, shaUowregi 



1 5. Thernethodof claim 2, wherein the step of providing a microscale fh^ 

2 channel on die substrate surface comprises providing a manifold having a first groove 

3 disposed in its first surface, and mating the first surface of the manifold with the surface 

4 of tiie substrate to define afirst oiclosed channel on the first surface of the substrate. 

1 6. The method of claim 2, wherein the st^ of providing a microsc^ 

2 diannd on the SDbstrata surface comprises providing a la^ 

3 substrate surface and defining the microscale fluid chatmd in the layer of polymeric 

4 mated al to provide fluidic communication to at least a portion of the substrate surface. 
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^ : 1 7. The method of claim 6, wham the layer of polymeric material composes 

2 a photoresist, and the steg of defining the microscale fluidic channel comprises exposing 

3 a portion of fte laya: of photoresist and developing the layer of photoresist to define the 

4 micioscale fluidic channel. 
5 

1 8. llie method of daim 6, furthttconqdsing providing a cover la^ 

2 tihe layer of polymeric material to seal and enclose the miocoscale fluidic channel, the 

3 cover layer comprising at least a first port disposed thereflnougji and positioned to 
^ . 4 provide fluid access to the microscale fluidic channel. 

1 9, The metfiod of daintt«, wherein the photoresist con^ses a pos^ 

2 photoresist 

1 10. Theinethodafclaiml, wherein tiiepenmttingstqi compos 

2 the first surface of the substrate as a fimctionalized first surface that is capable of Wndmg 

3 the nanostructuie5fix)mtiiie first fluid. 

1 11. The method of claim 10, wherem the step of providing the first surfece of 

2 the substrate as a fimctionalized first surface comprises providing functional gtoiq>s on 

3 only a portion of the fibst surface. 

1 12. The method of daim 1 1 , wherein the portion of the first surface conqirises 

2 one or more electrical contacts. 

1 13, The method of claim 11, vriierein the functional groiqtt 

2 protectable or deprotectable functional groups. 

1 14. Iliemiethodof clmml3,vi^ecemthefunctiondgrou^ 

2 photodepFotectable functional groiq». 

1 15, The rnefliod of claim 1, further coinprising the stqp of p^ 

2 first and second electrical contacts on the surface of the substrate, the first and second 

3 dectrical contacts bring separated by a first distance in die first direction on ^ 
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w 

4 substrate, the first distance being less than an average length of the nanostractures m the 
^ 5 jQxst fluid containing nanostnictares. 

1 16. The method of clainalStWheran die fim and second dec±^ 

2 ace provided on fhe surface of the sobstrate before flowing the fluid containing the 

3 nanostructuzes oveortfaefiiat sut&ce. 

1 17. ThexnethodofclaimlS, wherwntiiefuFstandsw 

^ 2 aie provided <m the surface of the substrate afer the nanostn«^^ 
3 tobeiininobilizedonthefbstsuifaceofthesub 

1 18- ^3i<&inethod of daiml, further coniprisingfl^ 

2 containing nanostnlctures over die surface in a second direction different ftom the first 

3 direction, and pmnitting fhe nanostructures in the second fluid to become immoWlized 

4 onto the surface whereby a longitudinal dunension of the nanostructures ficom the second 

5 fluid being substantially oriented in the second direction. 

1 19, Hie method of claim 18, wherein the nanostructures jQrom the first fluid 

2 oriented substantially longitudinally in the first direction are immobilized to at least a 

3 portion of a same region of the surface of flie substrate as nanostructures from die second 

4 fluid odented substantially longitudiiudly in the second directiort 

1 20. TheiubethodofclaimlS, wberemthenanostnicturesfRm 

2 orimted substantially loagitudinallv in flie first djiMtitm am immnWiiV^ m u i^WfCTOit 

3 region ofthe surface offbe substrate as nanostructures fcom the second 

4 substaotidly longitudinally in the second duTOtion. 

1 21. The iiiethod of claim lyfurtiiercoinprising: 

2 fmctionali2±ag at least a first portion of the surface of the su 

3 flowing the first fluid containing flie nanostractures over die first surface in ttie first 

4 direction, whereby the nanostructures immobilize to the first portion of tiie surface of the 

5 substrate that has hc&i fimctionalized 
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^ 1 22. The method of claim 21, wherein the first fluid is flowed ov^' a second 

; 2 portion of the surface of the substrate, flie first portion of the surface and the second 

3 portion of tiie suiface at least partially overlapping. 

1 23. The method of claim 21, wherdn the first surface of the substrate 

2 comprises at least one other cdicuit element to which nanostmctures are to be coupled. 

1 24. Themedxodofdaim23,whemntheatleastGneotfatf cu^ 

2 comptises at least afirstpair of electrical contacts. 

1 25. ibeniethodof claim 24, wherein the first pair of electric 

2 comprises first and second metal contact n^ons on fte surface of Ifae substrate. 

1 26. The method of daim 23, whecdn the at least one other ci^^ 

2 comprises a nanowire circuit dement 

1 27. The melhod of claim 26, wherein the nanowixe circuit eleni^ 

2 doping diffe3timt from doping in the nanowires^ 

1 28. Iliemetfaodof claim 23, wherein the drcoit element comprises an 

2 uitegrated circuit element disposed on the substrate. 

1 29. The method of claim 18, wherein die integrated circuit elemoitco^ 

2 a nanoscale circuit element 

1 30. A method of positioning nanostructnies in one Gff more pcedete^^ 

2 regions on a substrate, comprising: 

3 providmg a substrate having a first suiface; 

4 overlaying the first surface with a mask, the mask providing fluid access 

5 to one or more first predetermined regions on t|xe first 8Utface,butnot to one or more 

6 second predetecoodned regions on the surface of the substrate^ 

7 flowing fluid containing nanostnictuiesthroQS^ the mask and 

8 witirthefirstpredeteoniiiedregionsoftfae substrate surface; and 
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pesimtting the nanostmctuxes contained in the nanostructure containing 
fluid to inunobilize in the first ptedetennined regions of die surface of the substrate. 



31. Hie noiethod of daim 30, wherein the step of providing the sabstrate 
comprising the first suxf ace comprises pioviding the first surface as a functionalized 
surface capable <tf binding to the nanostructines. 

32. The mediod of claim 30, wherein the flowing step comprises flowing the 
fluid containing the nanostructuies over tbe first ptedetennmed regions in a first 
direction to cause die nanostnicbnies to immobilize in ^ 

die siirfoce of the substrate longitodinally orimted substantially in the first direction. 

33. llie method of claim 30, fiutherconigprisingprovid^ 

second electncal contacts in tiie one or more first predetermined regions^ whereby one or 
more nanostmctures immbbiHze in contact with both the first and second electrical 
contacts in the first predetconined region. 

34. The mediod of claim 33, wherein the first and second electrical contacts 
are provided in the first predetermined regions of the substrate before the nanostmctures 
are immobilized in the first predetmnined xenons. 

35. Ibe method of claim 33, wherein die first and second electrical contacts 
are provided in the first predetemdned reg^cms of the substrate after fhie nanostmctures 
^ innnofailized'in this first pisdetaminedregiG^^^ 

36. Apopulation of nanostmctures immobilized on a planar surfoce of a 
substrate, die population of nanostmctures bdng substandally longitudinally oriented in 
afirst direction parallel to the planar surface. 

37. Hie population of nanostructuies of daim 36, coniprising a plurality of 
discrete sets of nanostmctures immobilized on separate regions of die surfajce of the first 
substrate, the nanostmctures in each separate region being substantially lon^tudinally 
oriented in a selected direction. 
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1 38. The population of nanostructuies of claim 36, wherein the fiist substrate 

\2 at least first and second electrical contacts disposed theieon, the first and second contacts 

3 bdng positioned sufficiently proximal to each other in the first direction, such that at 

4 least one nanostructure in the population of nanostnictures is simultaneously contacting 

5 both of the first and second electrical contacts* 



1 39, The popuktionofnanostructmes of claim 38, wherein the first and 

2 second electrical contacts axe deposited over at least a portion of the at least one 
^ 3 nanosttucture. 

1 40. A popuMonofnanostnictuies immobilized on a suif^ 

2 comprisingr 

3 a first set of nanostructores immobilized in a fint selected region of the 

4 surface of the substrate; and 

3 a second set of nanostructuies immobilized in a second selected region 0^ 

6 the surface of the substrate, die second selected region bem 

7 selected region. 

1 41. A nanostructuie based device, comprising: 

2 at least a first population of nanostructures immobilized in at least a first 

3 region of a surface of a substrate, the first population of nanostmctores being 

4 substantially longitudinally oriaited in a first direction; 

5 at least first and second electrical contacts dispcned on the first region of 

6 the surface of the substrate; and 

7 wheisin the first and second electrical contacts are separated from each 

8 odier on tfie first surface of the substrate in the first direction by a less than an average 

9 length of the nanostructuo?es in fbe first population of xianostractor^ 

1 42, The nanoMructure based device of claim 41, wherein at least one 

2 nanostnictorein the population of nanostnictures is positioned in contart with both the 

3 first and second electrical contacts* 
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43. The nanostmctme based dfivice of claim 41, whei^ 

electrical contacts aie separated by a distance that is less than 90% of the average lagth 
of Danostmctoies in the first population of nanostcoctiues. 

44. Hie nanostmctuie based device of claim 41, wheiein the jSrst and second 
electdcal contacts axe separated by a distance that is less than 80% of ttie average length 
of nanostcuctoies in the first poptdadon of nanostmctuies . 

45. The nanostnictoie based device of claim 41, wherein the first and second 
electrical contacts are sepatated by a distance that is less than 50% of Oie average length 
of nanostroctozes in the first population of nanostroctuxes. 

46. Thenanostmcturebaseddeviceof claim 45, wherein the first and second 
electrical contacts are separated by a distance that is less dian 10 /im. 

47. The nanostructure based device of daim 46, wheiein the first and second 
electrical contacts are separated by a distance that is less than 1 /on. 

48. The nanostroctusB based device of claim 46, further comprishig at least 
third and fourdi electdcal contacts separate fixxm the first and second electrical contacts, 
and disposed on the first re^on of the first surfoce, wherein &e third and fourth electrical 
contacts are sqiarated from each odier on 1b& first surface of the substrate in the first 
dicection by less than an average length of the nanostructutes in the poipulation of 
nanostmctuies* 

49. The nanostmctuie based device of claim 46, further comprishig: 

at least a second population of nanostructures inunobilized hi at least a 
second region of tbc surface of the substrate, the second population of nanostructures 
bemg substantially longitudinally orientedin a second dixection; 

at least third and fourth electrical contacts disposed on die second region 
of the surface of the substrate; and 

wherein the ttmd and fourtii electrical contacts axe separated from each 
other on the first surface of tiie substrate in the second direction by a less than a 1 



36 



10 



wo 03/085701 PCr/US«3y09!»l 

/^m/distance that is less thaoi an average length of the nanostructurcs in the population of 
nanostmctuxes. 



1 50. The nanostrocbue based device of claim 46, farthCT 

2 at least a second population of nanostructures immobilized in at least a 

3 second legion of the surface of the substrate, Ate second population of nanostructuies 

4 being substantially longitudinally onoited in a second direction; 

5 at least third and ibuitfa dectdcal contacts separate ficom the first and 



\. 6 second dectrical contacts, and disposed on he first i!^on(rf the fhstsutf^ 

7 thixd and fourth electrical contacts are separated ficcm each othor on the first surface of 

8 ttie substrate in the first direction by less than (Ifun/adista^ 

9 average leogtb of fbe nanostructures in the first population of nanostructuies); and 

10 at least fifOi and sixth dectdcal contacts disposed on th^ 

1 1 Oie surface of the substrate* wheiem the fifih and sixth electrical contacts are separated 

12 flx)m each other on the first surl^ of the substrate in flic second direction by 

13 (1 jum/distance that is less than an average length of ttic nanostructuies in the second 

14 population of nanostmctines). 



1 51, A substrate comprising 

2 a plurality of populations of nanostructures deposited upon a first surface 

3 of said substrata and 

4 wherein each of ttxe populations of nanostructures is deposited and 

5 imnK)bilized in a separate discrete region of the suifiace of the su^^ 

1 52. The substrate ofclaim 51, finlhercobaprising at 1^^ 

2 electrical contacts d^sited on the surface of the substrate, the first pair of electrical 

3 contacts being positioned to be in dectricd contact with wues in at least a first of the 

4 plurality of nanostructure populations. 

1 S3. A system for oriaitmg nanostructures on a suifiu» of a substr^ 

2 compdsing: 

3 a substrate having a first surface; 

4 a fluid channd disposed on the first surface; and 
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5 a fluid direction system coupled to the first channel and coupled to a 

'6 source of fluid containing nanostnictures, for flowing die fluid containing nanostmctures 

7 in a first direction tbiough the first fluid channel 

1 54. The system of daim S3, whetein die fluid channel is definedin afirst 

2 surface of a noanif old, the first smface of the manifold being mated to die first surface of 

3 the substrate to dispose the fluid channel <m the first surfiice of the substrate. 

* 1 S5. Tlie system of claun 54, furtiier composing at least a secondflnid channel 

2 disposed on the first surface of die substrate. 

1 56. The syston of claun 55, wherem the first and second fluid channels are 

2 fluidly coupled to a first fluid inlet port, the first fluid inlet port hefaig fluidly coupled to 

3 the source of fluid containing nanostroctures. 

1 57. A system for positioning nanostructuxes on a substrate, comprising: 

2 a substrate having a first suifajce', 

3 a masking element disposed over die first surface and providing one or 

4 more fluid passages to one or more discrete regions of the first surface; 

5 a source of fluid containing nanostmctures fluidly coiq>led to die one or 

6 more fluid passages on die masking element; and 

7 a fluid direction system for delivering fluid fjxm the fluid source to the 

8 one or more fluid passages. 

1 58. The system of clahn 57, whemm the maskmg dement comprises a 

2 manifold having a plurality of fluid chamiels disposed therein, the plurality of fluid 

3 chimtiftlft having as least one wall of the one or more fluid chamiels' the one or more 

4 regjoiis of the surface of die substrate, die fluid channdis providing 
I 5 passages to the first surface of the substrate. 

1 59. Tlie system ofclaim 58, wherein one or oxsTBofdie fluid channels 

2 comprises a widened region corresponding to a position on the surfoce of the substrate 

3 where it is desued to position nanostructozes, the widened region providing longer 
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^ 4 i^dmce time witfain the wider legioa 

yS channels* 

1 60. The system of claim 58, wherein tlie one or moieflddc^ 

2 comprises a thinned region tiiat provides a shorter average diffusion distance between a 

3 fluid flowing through the tibdnned region of the one or more channels and the surface of 

4 the substrate at the thinned region of the one or more fluid channels. 

1 61. The system of claim 58» wherein the manifold comiuises a flexib^ 

2 matedal. 

1 62. The system of claim 61, wherdn the flexible iriateiMco^^ 

2 polymeric matenal. 

1 63. The system of daim 61, wheteintibie flexible 10^ 

1 64. A method of positioning nanostnKrtmes on a surface of a substrate, 

2 comprising: 

3 contacting the surface of the substrate with a fluid coiitaining the 

4 nanostructures; 

5 establishing a standing wave trough the fluid, the standing wave 

6 localizing nanostructures pref^entially in first selected regions of the surface of the 

7 substrate and not m second selected regions of the substrate. 
1 
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